Artificial cells have attracted much attention as substitutes for natural cells. There are many different forms of artificial cells with many different definitions. They can be integral biological cell imitators with cell-like structures and exhibit some of the key characteristics of living cells. Alternatively, they can be engineered materials that only mimic some of the properties of cells, such as surface characteristics, shapes, morphology, or a few specific functions. These artificial cells can have applications in many fields from medicine to environment, and may be useful in constructing the theory of the origin of life. However, even the simplest unicellular organisms are extremely complex and synthesis of living artificial cells from inanimate components seems very daunting. Nevertheless, recent progress in the formulation of artificial cells ranging from simple protocells and synthetic cells to cell-mimic particles, suggests that the construction of living life is now not an unrealistic goal. This review aims to provide a comprehensive summary of the latest developments in the construction and application of artificial cells, as well as highlight the current problems, limitations, challenges and opportunities in this field.
Introduction
Since the discovery in 1665 by Robert Hooke, cells have been studied for several centuries [1] . The cell theory, which was formally proposed in 1839 by Matthias Jakob Schleiden and Theodor Schwann, stated that cell is the basic structural and functional unit of all known living organisms [1] . It is the fundamental 'building block of life'. Understandably, modern cell biology is not satisfied by just investigating the structure, functions and working principles of cells. The research has expanded into many new areas such as the origin of life, cell engineering, biotechnology, bio-factories, medicine, drug delivery, pharmaceuticals, biosensors, and bioremediation [2] . However, along with the rapid development of cell biology, many issues have arisen mainly because of the inherent complexity of biological cells as well as the frangibility, that is to say, easy loss of activity or death in vitro. To overcome these issues while still mimicking biological cells, artificial cells are built [3] which are expected to be more easily controlled and are more robust than natural cells. The concept of artificial cells was first proposed by Dr. Thomas Ming Swi Chang in 1957 [4] .
They can be used as biomimetic systems to study and understand properties of biological cells, to investigate the dynamics of cells with minimal interference from cellular complexity, and to explore new possible applications in place of biological cells.
Artificial cells can be defined in many ways. In this review, they are classified into two main categories based upon their intrinsic characteristics -typical and non-typical. The typical ones are artificial cells in 'full-sense'. Strictly speaking, the typical artificial cells should have cell-like structures and exhibit at least some of the key characteristics of living biological cells, such as to evolve, to self-reproduce and to metabolize [3, 5, 6] . The nontypical artificial cells, on the other hand, are engineered materials that mimic one or more features of biological cells and most importantly, have no restrictions in structure. The more precise definition of these materials would be 'cell mimics' [7] that mimic some functions, surface characteristics, shapes, and even morphology of biological cells.
This review focuses on recent advances in the design of artificial cells, provides an overview of their current development status, as well as highlights the various applications and limitations of artificial cells.
Typical artificial cells
The construction of typical artificial cells is considered as one of the pillars of synthetic biology [8, 9] . Research on these synthetic cells has many purposes, such as (i) providing a way to investigate and understand cellular life; (ii) connecting the non-living with the living world; (iii) adding new functions which are absent in biological cells for the development of new applications; (iv) providing plausible theory for the origin of life.
Typical artificial cells should ideally have similar structures and essential properties of living cells [3, 10] . The ultimate goal is to construct artificial cells that can be considered as 'alive'. While defining 'alive' is rather difficult, there is some consensus in biology. Generally speaking, when we describe an organism as alive, it means that it can self-maintain, selfreproduce, evolve, and die. However, even the simplest known organisms are very complex, making the efforts to synthesize 'living' artificial cells arduous and very challenging. Biological cells possess three main components for performing the essential functions of life [11] :
i.
A stable, semi-permeable membrane that encloses cell constituents protecting them from being damaged by the external environment while allowing selective material and energy exchanges.
ii. Biomacromolecules (DNA or RNA) that carry the genetic information, control the dynamics of the cell, and endow it with the capability of evolution.
iii.
A series of metabolic pathways used for providing energy to cells, to make them self-maintain and self-renew, as well as self-process information.
It is highly desirable that artificial cells possess all three features of biological cells. Although an artificial cell that possesses all basic properties of a living cell has not been created so far, recent advancements indicate that it is now a realistic goal.
Up till now, two main fundamental approaches have been considered for the construction of an artificial cell: A top-down approach and a bottom-up approach ( Fig. 1 ) [12] . The topdown approach starts from a living organism, stripping down the genome to the lowest number of genes that are required to maintain the essential properties of the cellular life, or totally replacing the genome with a synthetic one [13] . In contrast, the bottom-up approach starts from scratch [14] . It constructs a 'living' artificial cell by assembling biological and/or non-biological molecules. These two approaches are very different but complementary to each other, fabricating a broad range of artificial cells from a simple protocell to an engineered living life.
Top-down approach
The top-down construction of artificial cells focuses on building 'minimal' cells by reducing or simplifying the genome of a living cell. A minimal cell means a theoretical cell that only has the minimum number of genes needed to perform the most essential life function, that is, to survive [15] . It is expected that minimal cells will help us understand and regulate essential life processes. In 1995, Venter and colleagues discovered that the parasitic bacterium Mycoplasma genitalium has only 517 genes, which is among the simplest living organisms known [16] . Such a small genome was an inspiration for scientists to develop 'minimal cells'. When non-essential genes were knocked down to examine the cell's viability [17] , it turned out that approximately 256-350 genes were sufficient to maintain the life of a cell [16, [18] [19] [20] [21] [22] [23] [24] . Subsequently, in 2004, Gil et al. redefined the minimal gene number [21] for cell viability. Based on both computational methods and experimental strategies, they proposed that the minimal gene set to maintain a functional living bacterial cell could be reduced to 206 genes. However, among these 206 genes, there are still many genes with part of non-essential functions, suggesting that the number can still be further reduced [25] . For example, some of the enzymes that are responsible for the synthesis of low molecular weight compounds (nucleotides and amino acids) can be dispensable. The corresponding genes can therefore be knocked down and their products can be supplied from the surrounding medium [26] . This brings the gene number down to about 150. However, the survival of these minimal cells requires that the corresponding compounds are available in the environment and the cell membranes are permeable to these compounds. This indicates that the definition of minimal cells is also related to the type of environment they are in. The resources in surroundings determine which genes they can lose. In addition, with respect to the outside supply of substrates, these minimal cells could maintain their basic cellular life. However, because they cannot synthesize these substrates by themselves, they may lose some of self-repair abilities. For example, if the genes for lipid synthesis are knocked out and the lipid molecules are supplied by environment instead, the artificial cell membranes will lose self-producibility and cell division will simply be due to a physical dynamics process.
Although effective, knocking out genes one at a time is cumbersome and the process is rather ineffective. There is a more advanced and challenging way to construct top-down artificial cells by replacing the original genes of the biological cells with synthetic ones. Although artificial eukaryotic cells have not been successfully created by this method so far, there were several reports about the construction of some primary organisms, such as viruses and bacteria. In 2002, Cello et al. reported the creation of an artificial infectious poliovirus [27] . They synthesized the full-length poliovirus DNA (cDNA) de novo from basic chemical building blocks. The synthetic cDNA was then transcribed into highly infectious viral RNA with the T7 RNA polymerase. Subsequently, the viral RNA was translated and replicated in cytoplasmic extracts of uninfected cells, generating poliovirus with physiological and pathological properties similar to those of the natural virus. Although viruses are not considered as typical lives, this report demonstrated the possibility of synthesizing more complex living organisms by chemical/biochemical methods without using a genetic template.
In 2010, Venter et al. [13] designed computer-based genome sequences named 'M. mycoides JCVI-syn1.0' on two laboratory strains of Mycoplasma mycoides subspecies capri GM12, the genome sequences of which were already decoded. The designed genomes were somewhat different from the original ones with some genes altered, added or deleted. The genes were chemically synthesized, stitched in yeast, and then transplanted into Mycoplasma capricolum recipient cells. The resulting new cells had expected phenotypic properties of M. mycoides and could self-replicate (Fig. 2 ). These cells were referred to as 'synthetic cells'. The designed synthetic DNA acted as the genetic material in these artificial cells. Although there are some philosophical and ethical controversies, the work undoubtedly represents a new height of creating artificial cells and controlling over life at the molecular level.
Synthetic biology has enabled the construction of large DNA sequences. These chemically assembled genomes provide the necessary genetic information to create new organisms with self-replicating ability. This not only helps to understand minimal cellular life, but also provides a variety of new functions with potential applications such as in the production of pharmaceuticals and energy. Despite these advances, there is still a long way to go to engineer, alter, and create a more complex artificial life. As described above, so far, only minimal low organisms (viruses, bacteria) were constructed, whereas minimal eukaryotic cells, due to the complexity of their genomes, have not been successfully created. The accuracy of genome engineering is also a problem. Although modern genomic technology is substantially improved in speed and accuracy, obtaining an error-free genome is still a challenge. Also, the high cost for genome analysis, modification, and synthesis is an obstacle for broad application of these artificial cells. Therefore, improving the accuracy and lowering the cost of genome engineering are urgently needed for the future development of artificial cells by the top-down method.
Bottom-up approach
Compared with the top-down strategy, the bottom-up approach is much more challenging. Instead of starting from existing living organism, it aims to create a cell by assembling a stack of non-biotic components [28] . Actually, the original life is supposed to have initiated from the non-living blocks in a step by step procedure. Constructing artificial cells by the bottom-up approach may set up bridges between non-living and living worlds, as well as help to understand the origin of life. Furthermore, the bottom-up method can overcome some of the shortcomings of the top-down approach. Modifying existing organisms by stripping their genes one by one or replacing them wholly is cumbersome, and may bring some unpredictable and undesirable results. For example, when a modern cell is engineered to produce some chemicals, drugs or biofuels, altering its metabolism may affect its fitness resulting in high mortality and low production rates, as well as generate some unwanted byproducts. Also, the products may have inherent toxicity to the host cells. These shortcomings are unfavorable to their biological applications. On the favorable side, the systems designed from the bottom-up approach containing only minimal components required to perform the desired functions are simpler and more controllable and can therefore overcome the limits of the top-down method.
Three basic elements are needed for the construction of a 'living' artificial cell using a bottom-up approach. These include information-carrying molecules, cell membranes, and metabolism systems [11, 29] . The information molecules, RNA or DNA, define the nature and function of the cell. Metabolism generates energy for cell operation, growth, division, and evolution. Finally, the third essential element, the membrane, provides a habitat for cellular molecules and also serves as a mediator to communicate with the outside world and as a transporter for material exchange. The detailed descriptions of these three parts are outlined below.
It is well known that in most of the cells, genetic information is carried in the form of double-stranded DNA. The hereditary information can be copied by template-directed polymerization. The genetic information can be transcribed from DNA into RNA, and then translated from RNA into proteins.
During the artificial cell design process, genes are defined as the basic biological units. It is now technically possible to synthesize genomes with dozens of genes in the laboratory [30] . After logical assembly and encapsulation in a vesicle, these custom-made DNA program units can be used as softwares to develop the functions of the artificial cells. To make the genetic circuits work, promoters (e.g., endogenous T7 promoter from bacteriophage) and different transcription factors are also needed, as well as ribosomes, some enzymes, and low molecular weight compounds [31] . The translation process involves many more components, about one hundred, and the reaction conditions depend on very precise adjustments of some parameters, such as salt concentration, temperature, and pH [30, 32, 33] . Although challenging, the cell-free expression within micro-vesicles has been successfully demonstrated in vitro [34, 35] .
Metabolism is the set of life-sustaining chemical transformations within the cells. This process provides energy for cells and allows them to grow and reproduce, synthesize and digest, transfer information and substances, maintain structures, and respond to their environment. These metabolic processes are catalyzed by a set of enzymes. To drive metabolic reactions, a source of chemical energy is also required. The energy can be supplied in the form of ATP or other such molecules [36] . In most cases, these energy molecules are supplied from the environment, which requires that the artificial cell membranes are permeable [3] .
All known cells have plasma membranes to separate the intra-cellular substances from the outside environment. Cell membranes are primarily composed of a mixture of lipids and functional proteins. These membranes play a variety of roles including, (1) protecting the intracellular substances from the external environment, (2) letting the nutrients in and the wastes out, while blocking unnecessary molecules, (3) providing communication channels with the surroundings and (4) modulating many cell processes such as adhesion and migration. Although biological cell membranes are very complex and hard to mimic, the artificial cell membranes are expected to be constructed to possess some of the critical features of natural ones.
Phospholipid membrane-As noted by their identity as the main components of plasma membranes of almost all known living organisms, phospholipids are the primary molecules for constructing artificial cell membranes. Phospholipids are double-chained amphiphiles, possessing a hydrophilic phosphate ester head and two hydrophobic acyl tails. In water, they can spontaneously self-assemble into spherical vesicles (liposomes) with bilayer membranes. There are various methods for preparing liposomes of different sizes ranging from nanometers to micrometers to suit the desired size of a particular cell [37, 38] . The cellular components, either from nature or by synthesis, can be included in the vesicles to build artificial cells. So far, many attempts have been made to use liposomes as containers for carrying out specific cell processes.
Production of bio-macromolecules, such as DNA, RNA, and proteins, is the primitive form of cell metabolism. Thus, realizing the synthesis of biomolecules inside liposomes can bring these lipid-based artificial cells closer to biological cells. An early report [39] showed that by encapsulating template-independent RNA polymerase (polynucleotide phosphorylase) inside lipid vesicles, long-chain RNA polymers (poly(A)) could be synthesized within these vesicles. Intermediate chain length lipids were chosen for entrapping the enzymes while allowing ionic substrates exchange with outside environment. Shortly thereafter, the first example of polymerase chain reaction (PCR) carried out inside liposomes was reported [40] . The liposomes were composed of 1-palmitoyl-oleoyl-sn-glycero-3-phosphocholine (POPC), or of a mixture of POPC and phosphatidylserine (PS) and were demonstrated to be stable at the high temperature (95°C) used for PCR. The integrity of the aqueous contents was well maintained during the long time course of PCR. The ability to perform PCR within liposomes is attractive as PCR is not only important in clinical applications and basic research but may also be of relevance for the origin of life [41] . It has been suggested that life might have originated in a hydrothermal environment [42, 43] , in which the spatial temperature gradient provided conditions for primitive genetic molecules (DNA, RNA) to self-replicate and proliferate in a PCR-like fashion [41, 44, 45] .
Protein biosynthesis can also be carried out in liposomes. Oberholzer et al. [46] reported that by incorporating the ribosomal subunits, messenger RNA (poly(U)), tRNA Phe , the phenylalanyl-tRNA synthetase, some elongation factors, and the substrate phenylalanine or 14 C-labeled phenylalanine within the POPC liposomes, the peptide poly(Phe) was successfully synthesized. Furthermore, the efficiency of the polypeptide synthesis was quite high.
In recent years, giant vesicles (GVs) have attracted much attention as biochemical reactors for macromolecule synthesis [47] [48] [49] . The advantages of GVs used for artificial cell membranes are manifold compared with conventional small or large-sized unilamellar vesicles (SUVs or LUVs). GVs formed by electroformation have typical diameters of 30-100 μm, which are similar to those of biological membranes while the conventional SUVs or LUVs have approximately 100-1000 times smaller diameters. The giant sizes of GVs endow them with many novel properties. For example, they can be punctured by a micropipette without being destroyed. As a result, substances can be microinjected accurately [50, 51] and the species and concentrations of the substances can also be precisely controlled. On the contrary, in the case of conventional liposomes, the substances are encapsulated randomly during the vesicle synthesis process, which is uncontrollable and may lead to concentration inhomogeneity. Permeability is another important aspect. It has been demonstrated that the membranes of GVs formed by electroformation allow penetration of external nucleases. These merits make GVs suitable for imitating the cytological processes of biological cells [52, 53] .
Besides synthesis of bio-macromolecules within lipid vesicles, a minimal cell should be capable of performing more complex functions. Gene expression is one of the advanced properties of a living cell that allows the information to be transferred from a gene to the functional products. These products are often proteins, and in some cases, they are functional RNAs. Gene expression is the most fundamental level that gives rise to the organism's phenotype. Obviously, it is an enormous engineering challenge to construct complex gene expression networks inside a synthetic liposome. There have been some promising experimental approaches to express a single protein product or simple two-stage genetic network within liposomes.
Yu et al. [35] reported the expression of a mutant GFP, GFPm utl , in the giant lipid vesicles (eggPC/cholesterol/DSPE-PEG5000). For cell-free transcription and translation, the protein expression reaction mixture containing low molecular weight cofactors and substrates (ATP, GTP, UTP, CTP, 20 amino acids), T7 RNA polymerase, cell extract, and GFP mutl -encoding gene (plasmid) were entrapped in the liposomes and incubated. An intense fluorescence inside the liposomes could be detected, showing that not only the protein expression successfully occurred, but also the protein was as functional as that expressed in biological cells. Subsequently, expression of rsGFP (red-shifted green fluorescent protein) within individual cell-sized giant vesicles was observed by Nomura et al. [54] . They also demonstrated that the vesicles were able to prevent the synthesized rsGFP from being degraded by the externally added proteinase K.
After accomplishing the expression of a single protein inside liposomes, the next step was to increase the genetic complexity by creating a functional genetic network. Ishikawa et al. [55] constructed a two-stage genetic cascade in liposomes. A T7 RNA polymerase gene was used for the first stage and a GFP gene for the second stage. The product of the first stage (T7 RNA polymerase) was a promoter for driving the GFP protein synthesis of the second stage; thus, these two genes formed a transcriptional activation cascade network.
Noireaux and Libchaber [56] fused the gene of enhanced GFP (eGFP) with the gene of a pore-forming protein from Staphylococcus aureus, α-hemolysin, and tested their expression within egg lecithin liposomes. The results showed that co-expression of α-hemolysin resulted in pore formation in the lipid membranes resulting in an increase in the permeability of nutrients. This, to some extent, solved the energy and material limitations of the biochemical reactor and increased the eGFP expression time for up to four days without vesicle burst.
Kuruma et al. [57] successfully produced two membrane proteins, sn-glycerol-3-phosphate acyltransferase (GPAT) and lyso-phosphatidic acid acyltransferase (LPAAT), by the PURE (protein synthesis using recombinant elements) system encapsulated in liposomes. The two enzymes could catalyze a cascade of reactions that produced phosphatidic acid in situ inside the liposomes. This was the first evidence that integral membrane proteins could be synthesized inside liposomes, and their activities could be successfully detected. However, the forced discontinuity between two reactions and the low product yield, as well as the poor membrane permeability of water-soluble substrates, made it difficult to directly observe morphological changes in liposomes. In order to overcome these problems, the authors proposed some resolutions which included building transporters inside lipid membranes, reforming the enzyme by a genetically engineered method. This study might provide a new way for the construction of self-reproducing artificial cells in which the lipid membrane can be self-synthesized.
To be considered as alive, an artificial cell should not only have essential cellular processes such as bio-macromolecule synthesis and gene expression mentioned above but also display more complex behaviors that mimic biological cells and new functions that are absent in nature. Communication, both with the environment and with each other, is a very important high-level behavior of cells. These functions allow cells to adapt to the environmental change and work co-operatively to perform important bodily behaviors that are necessary to survive.
Gardner et al. [58] developed a lipid-bound protocell that could synthesize complex carbohydrates by the autocatalytic sugar-synthesizing formose reaction, which was able to initiate a quorum-sensing mechanism in the marine bacterium Vibrio harveyi and cause a bioluminescent response. The construction and working principles of the protocell were illustrated in Fig. 3a . Concentrated formaldehyde feedstock and metal (calcium) ions were encapsulated within the robust lipid vesicles. When the pH increases, the formose catalyst, calcium hydroxide, was formed in situ within the vesicles, which catalyzed the production of carbohydrate complexes. The primary products, carbohydrate-borate complexes, were analogs of signaling molecules in the quorum-sensing system of V. harveyi. When the products diffused out across the vesicle membranes, they were detected by the marine bacterium V. harveyi and provoked a quorum-sensing response, resulting in a protein phosphorylation mechanism and the subsequent expression of bioluminescent proteins. This Xu et al. Page 8 report indicated the capability of artificial cells to display complex behaviors such as communication with biological cells.
Lentini et al. [59] described an artificial cell system that could expand the senses of E. coli (Fig. 3b) . This system can translate a chemical compound, theophylline, which cannot be sensed by E. coli in nature, to a molecule, isopropyl β-D-1-thiogalactopyrano-side (IPTG) that E. coli can naturally respond to. The artificial cell was engineered with a lipid vesicle containing theophylline-sensing genetic devices and the molecule IPTG. In the genetic devices, a theophylline riboswitch was fused with the gene of pore-forming protein α-hemolysin. When the external theophylline molecules were diffused into the artificial cells, they could bind to riboswitch and induce the transcription-translation processes of genes, resulting in the expression of α-hemolysin. The protein α-hemolysin could form unspecific pores in the lipid membranes and caused the release of IPTG. Thus, when theophylline molecules were added to the mixture of E. coli and artificial cells, they could not be sensed by E. coli. However, they could trigger the release of IPTG molecules from the artificial cells, which could be detected by E. coli cells and induce both engineered and natural pathways in these bacterial cells.
Fatty acid membrane-Fatty acids are single-chained amphiphilic molecules with a long, saturated or unsaturated hydrophobic aliphatic tail and a hydrophilic carboxylic acid head. The tails for the naturally occurring fatty acids contain about 4-28 carbon atoms. Similar to phospholipids, fatty acids can also form bilayers, vesicles, and micelles in water, but with much simpler structures. Currently, more and more studies use fatty acids as primitive membrane models to investigate protocells on early Earth [60, 61] .
Studies showed that although contemporary organisms have phospholipid bilayers as the primary components of cell membranes, there are many obstacles for them to be prebiological cell membranes. The first problem is the availability of the phospholipid-like compounds on the primitive Earth. Phospholipids might be synthesized from the mixture of fatty acids, glycerol, and phosphate under prebiotic conditions [62] , however, the probability of having all these components co-presented simultaneously is highly questionable. The attention was therefore turned to simpler amphiphiles. Several studies showed that fatty acids could be formed under simulated primitive Earth conditions [63] [64] [65] . By gradual accumulation, small carbon-containing molecules such as methane could form hydrocarbons in primeval times and then deposit on the rocks. Analysis showed that unsaturated hydrocarbons did exist in the ancient rocks [66] . It was postulated that these hydrocarbon mixtures could then be brought to the surface through earth movements and subsequently carboxylated by atmospheric carbon oxides. Experiments simulating prebiotic hydrocarbon synthesis generally have confirmed this hypothesis, and have demonstrated the synthesis of fatty acids as well as homologous fatty alcohols and aldehydes [67] . Normal fatty acids with C6 to C18 carbons can also be synthesized from CO and H 2 by Fischer-Tropsch-type reactions, using meteoritic nickel-iron catalyst under conditions that may have occurred in the primordial solar nebula or during degassing of the primitive Earth. In non-Earth resources, fatty acids (with 2-12 carbons) and other amphiphiles have been found as abundant components of organic mixture in Murchison meteorite [68] [69] [70] .
The ability of fatty acids to self-assemble into vesicles was first reported by Gebicki and Hicks [71] . They reported that oleic acid, an unsaturated fatty acid, could form spheres at slightly alkaline conditions. These spheres either had complex interior structures with multilayer membranes or consisted of collections of small spheres within a common envelope. They believed that these vesicles could be used as original membrane models. Hargreaves and Deamer et al. [67, 72, 73] suggested that saturated fatty acids, which were present in the primeval sea in significant amounts, can form membrane structures. They also systematically studied the influence of pH, temperature and hydrocarbon chain-length on the membrane formations. They postulated that to form the vesicles, the hydrocarbon chains should be eight carbons or greater in length and the temperature should be above the phase transition temperatures of the fatty acid to keep them in a fluid state. Also, the pH should be close to the apparent pK a of the membrane-incorporated fatty acid to make carboxyl groups half-charged. Under these conditions, membranous vesicles are produced, presumably due to the hydrogen bond networks formed between ionized RCOO − and neutral acid HOOCR. At higher pH, only micelles form, whereas at lower pH oil droplets condense [74] .
The cell membrane is the only physical barrier that connects the inner cellular substance with the outer environment. The selective permeability to outside molecules may determine the nature of the primitive protocells. For example, there are many potential possibilities for the compositions of the prebiotic genetic polymers, while the final form chosen by nature may not contribute to the stability, but to the substrate permeability.
Szostak's group [75] tested the permeability of fatty acid or lipid membranes to a series of carbohydrates, including five pentoses, selected aldohexoses, ketohexoses, and carbon alditols. The results showed that ribose diffused across the lipid membrane 3-to 10-fold faster than other pentoses and hexoses. More interestingly, they found that permeability coefficient of ribose was 5-fold larger than that of its diastereomers. The dynamics simulations, proton NMR, and crystal structure analysis showed that the permeability is influenced by molecular conformation and flexibility rather than hydrophobicity. The selective permeability of model prebiotic membranes for ribose suggests an early kinetic advantage of ribose over other five-carbon sugars. This may explain why ribose is the sugar chosen to be the component of the nucleic acid backbone. Szostak et al. also found that the fatty acid allows the crossing of charged molecules such as nucleotides, while typical lipid bilayers are relatively impermeable to polar or ionic substrates, including nucleotides [76] . The passage of complex macromolecular nutrients is very significant to prebiotic protocells as they have not evolved sophisticated protein channels and pumps to help the selective transportation of these nutrients. The group also showed that adding Mg 2+ can significantly increase the permeability of nucleotides through fatty acid membranes.
As mentioned above, different from contemporary cells, the early forms of primitive cells presumably lacked the complex transport system to facilitate the passage of ions, nutrients, and metabolites. Thus, the passive diffusion played an important role in maintaining the primitive cellular life and the permeability was critical in determining the fate of a protocell. The interesting permeability characteristics of fatty acid membranes for biomolecules make them a valuable model for protocell investigations.
One of the major challenges for the synthesized artificial cells is to make them accomplish some complex biological functions such as growth, division, and self-replication, using both genetic polymers and membranes [6] . Fatty acid vesicles, which have long been studied as a model system for protocell membranes, were found to be able to grow and divide in many ways.
The first study that clearly demonstrated the growth ability of fatty acid vesicles was reported by Luisi's group [77] . By incorporating the protein, ferritin, and using cryotransmission electron microscopy (cryo-TEM), they observed the growth and division of oleic acid vesicles. After treatment with oleic acid, spontaneous vesicle growth occurred either gradually by the incorporation of oleic acid molecules or micelles, or stepwise by fusion with other vesicles. When the size reached a critical value, the vesicles split because of the thermodynamic instability, thus dividing into smaller vesicles (Fig. 4) .
Szostak et al. [78] also reported a different pathway for fatty acid membrane growth and division. They described that after feeding with fatty acid micelles, the spherical multilamellar fatty acid vesicles could grow and transform into long thread-like vesicles (Fig. 5) . The process was driven by the transient imbalance between surface area and volume growth. Then, the shear stress triggered the thread-like vesicles to divide into multiple daughter vesicles. The main advantage of this pathway is that the internal contents can be retained in the process of division.
As listed above, fatty acid vesicles are permeable to ribose and nucleotides, and they also have the ability to grow and divide. These features make them attractive candidates as the components of protocell membranes. Oberholzer et al. [79] constructed a model protocell consisting of 100 nm oleate/oleic acid small vesicle. They encapsulated the RNA template, viral RNA polymerase (Qβ repli-case), and the ribonucleotides ATP, CTP, GTP, and UTP inside the vesicles. Oleic anhydride was added externally, which can bind to the vesicle membranes and catalyze the growth and division of the vesicles. The Qβ replicase could catalyze the replication of RNA templates.
Szostak's group [80] constructed a Mg 2+ responsive protocell (Fig. 6a) . The components of the protocell membrane were a mixture of myristoleic acid and its glycerol monoester. This membrane was Mg 2+ -tolerant and had Mg 2+ permeability. Mg 2+ -dependent ribozyme molecules were encapsulated inside the pro-tocell. By adding external Mg 2+ , the ribozymes were activated and self-cleaved. The Mg 2+ could also increase membrane permeability of small, negatively charged solutes, including uridine monophosphate, which facilitated RNA replication inside the vesicles. Membranes could also grow spontaneously because of the osmotically driven competition between vesicles and the addition of new micelles. This work was further extended by chelating Mg 2+ , which exhibited two main beneficial effects [83] . First, this protects the protocell membranes composed of pure fatty acids, such as oleic acid, from the disruption caused by Mg 2+ . And second, this protects the inner RNA oligonucleotides from Mg 2+ -catalyzed degradation, while the chelated Mg 2+ can still catalyze template-directed RNA synthesis. Several chelators were tested including citrate, isocitrate, oxalate, nitrilotriacetic acid (NTA), and EDTA, with citrate being the most efficient. It is possible that in the prebiotic condition, some short acidic peptides were used as chelators instead of citrate, and the peptide-metal ion complexes might constitute the central components of cellular RNA poly-merases.
Szostak et al. also proposed a striking clay-catalyzed protocell model, the formation, growth, and division of which were catalyzed by clay montmorillonite (Fig. 6b) [81] . Previous reports indicated that montmorillonite could catalyze the polymerization of RNA from activated ribonucleotides [84] [85] [86] . It was reported that montmorillonite could also accelerate the spontaneous conversion of fatty acid micelles into vesicles. The membranes formed in this way could, in turn, expand by absorbing additional fatty acids to encapsulate the mineral particles along with any additional substrates subsequently formed at the mineral surface, including oligonucleotides. The oligonucleotides could also be synthesized on the surface of encapsulated clay particles within the vesicles.
Although the protocell models involving self-reproduction of membrane and self-replication of information polymer have been constructed, the two processes were often carried out independently. Kurihara et al. [82] demonstrated, for the first time, that these processes could happen in parallel. They encapsulated DNA within a cationic GV and observed that the growth and division of the GVs were synchronized with the self-replication of DNA (Fig. 6c) . The amplified DNA could interact with the vesicular membrane by electrostatic interactions and cause the instability and morphological change of the host GV resulting in the division. Also, the amplified DNA could be distributed into the daughter GVs. The result suggests the feasibility of DNA-membrane interaction [87] , which presents a competitive protocell model for studying natural interactions in prebiotic processes.
Protein-polymer nano-conjugate membrane (proteinosome)-Protein molecules are attractive building blocks for the construction of membrane-bound compartments because of their intrinsic biocompatibility, biodegradability, and biofunctionality. Recently, Mann's group [88] reported an interfacial assembly of protein-polymer nano-conjugates (proteinosomes) into stimulus-responsive biomimetic protocells. The conjugates were prepared by crosslinking of bovine serum albumin (BSA) and temperature-responsive polymer poly(N-isopropylacrylamide) (PNIPAAm) (Fig. 7) . When dispersed in the Pickering emulsion, the conjugates were spontaneously assembled into micro-compartments in oil and could be transferred to a bulk water phase without losing the structural integrity. Such elastic compartments are semi-permeable, temperature-sensitive, and enzymatically active, making them good candidates for artificial cell construction. Furthermore, this proteinosome membrane is also very robust. It can withstand partial dehydration and rehydration, and remains structurally intact at a temperature of 70°C for 90 min. These features suggest that this membrane could be useful for studying the microscale confinement of thermophilic enzymes or for developing artificial cells capable of undertaking temperature cycling procedures, such as PCR-mediated amplification of entrapped genetic polymers.
A wide range of functional components such as small molecule fluorescent dyes, drug molecules, proteins, enzymes and inorganic nanoparticles of various sizes can be encapsulated inside the proteinosomes [69] . An eGFP-expressing plasmid was constructed and added to the proteinosome synthesis solution with elements for cell-free gene expression. The plasmids were then encapsulated in situ inside the formed proteinosomes.
The eGFP expression within the vesicles could be observed by fluorescence microscopy after two hours. It was also demonstrated that the membrane permeability can be thermally controlled. Myoglobin, a kind of peroxidases, was encapsulated inside the proteinosomes. The result showed that its activity was temperature-dependent. When the membrane of proteinosome was in a hydrated and bloated state at temperatures below the low critical solution temperature of PNIPAAm, it had increased permeability to the substrates thus increasing the activity of the enzyme. However, when the temperature was higher than the low critical solution temperature of PNIPAAm, the polymer membrane returned to its normal state and became hydrophobic. Also, its permeability to the substrate molecules diminished resulting in a sharp decrease of the reaction rate. Considering these multifunctional properties, the proteinsome-based artificial cells are expected to have potential applications in cytomimetic engineering.
Semipermeable membrane-It is known that in nature, enzymes are always compartmentalized within the organelles that have membranes to protect them while permeable to substrates and products. The concept of an 'artificial cell' using semipermeable microcapsules to mimic cells or organelles was first proposed by Chang, who developed a simple method for preparing semipermeable nylon microcapsules to encapsulate enzymes in situ [89] . The stable nylon microcapsules with a mean diameter of 15 μm were made by a simple interfacial polycondensation method. The stabilities and activities of enzymes and proteins encapsulated inside these capsules were tested. Chang reported that carbonic anhydrase from a red cell hemolysate retained its activity after several weeks and did not leak out. Similarly, hemoglobin could retain more than half of its oxygen-carrying capacity in a favorable preparation and storage environment. In vivo toxicological tests were also carried out and no significant toxicity was observed. Remarkably, injection of encapsulated urease increased the concentration of ammonia in the blood. The author then proposed that this may have a potential application in enzyme replacement therapy.
Later, Chang showed that besides hemoglobin and enzymes, the membranes could also encapsulate cells, microorganisms, adsorbents, magnetic materials and other biologically active materials (Fig. 8 ) [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] These artificial cells could protect the inner biologically active materials from directly contacting with external substrates while allowing smaller molecules, such as enzyme substrates, hormones, small peptides, and proteins, equilibrate across the membrane. Also, the permeability could be controlled over a wide range by using different types of membrane materials. The sizes of the artificial cells can also range from macro-dimensions to micro-and nano-dimensions and even down to molecular dimensions. So far, a number of potential medical applications using these artificial cells have been proposed, mainly for replacing or supplementing deficient cell functions [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] .
The first and most common successful attempt was to use these semipermeable microcapsules to encapsulate activated charcoal for treating poisoning, relieving symptoms in uremic patients and removing toxic molecules in patients with liver failure [96, 100, 101] . Although naked charcoal has been used in the clinic for detoxification [102] , it has some inherent problems such as a sustained release of fragments in vivo often causing an embolism. This problem can be resolved by encapsulating the charcoal in microcapsules.
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Inorganic membrane-Recently, attempts have been made to use inorganic colloidosomes as micro-compartments to construct artificial cells [103] . These colloidosomes are mainly synthesized from spontaneous self-assembly of colloidal particles in water/oil (Pickering emulsions) biphasic systems [104] [105] [106] [107] [108] [109] [110] [111] [112] . They have enclosed, continuous membranes composed of a monolayer of closely packed particles. In most cases, these membranes have pores due to the interstices between particles, resulting in selective permeability. The diameters of these colloidosomes are always in several tens of micrometers, which are similar to those of cells. Furthermore, the inorganic membranes are easy to modify, providing the colloidosomes with some specific functions. Thus, these inorganic colloidosomes are very attractive for building artificial cells.
The first inorganic protocell model was exploited by Mann's group [105] . The membrane of this inorganic protocell was described as a colloidosome capsule composed of 20-30 nmsized hydrophobic/hydrophilic silica nanoparticle arrays, which were synthesized in the Pickering emulsion biphasic system. Water droplets containing various metabolism related biomolecules, ranging from proteins to metal ions, can be encapsulated within these silica colloidosomes during an interfacial assembly process. Specifically, it was demonstrated that within the colloidosomes, cell-free gene expression can be carried out as efficiently as in bulk aqueous solution. Also, owing to their porous membranes, these colloidsomes were used to construct microscale bio-reactors. To make these inorganic protocell models more intelligent, in a later report [113] , Mann et al. grafted a pH-responsive copolymer onto the silica surface generating an electrostatically gated membrane. This protocell has a pHdependent permeability to substrates and thus can control the enzymatic reactions. More interestingly, this inorganic protocell could also spontaneously grow and divide [114] .
Subramaniam et al. [107] reported a simple method to construct a robust, semi-permeable protocell model by using the clay montmorillonite, which is a soft phyllosilicate type mineral that is abundant on the Earth. Montmorillonite is believed to be possibly involved in the process of the origin of life. For example, it is able to catalyze fatty acids to assemble into vesicles [81] . It can also help activated nucleotides to form polynucleotides [115] , and protect them from ultraviolet radiation damage [116] . Subramaniam et al. described that thin layer shelled clay vesicles can be formed simply from clay-armored bubbles through a mechanical force. The formed vesicles are stable in many liquids and have submicron sized pores, which exhibit size-selective permeability. They stressed that this may facilitate the small precursors (fatty acids, nucleotides) to diffuse freely into the vesicles, while preventing the macromolecules from leaking out. These clay vesicles might provide ideal harbors for the synthesis of original biomolecules.
Non-membrane-It is known that a variety of bio-macromolecule complexes (e.g., polylysine and polyadenilic acid) can self-assemble into hydrophilic droplets in aqueous solution. This process, known as coacervation, is driven by electrostatic interactions [117] . Based on this principle, Mann's group [118] proposed a membrane-free protocell model formed by mixing mononucleotides and cationic peptides in water (Fig. 9) . These microdroplets are stable and can tolerate changes in temperature, pH, and high concentration of salt and also have a preference to take up heterocyclic molecules, such as organic dyes and porphyrins. They are also capable of sequestering some catalytic inorganic nanoparticles, proteins, and enzymes. These peptide-nucleotide droplets can be used to develop new type of primitive artificial cells, which may be considered as a plausible protocell model before the emergence of lipid-based organizations on the early Earth.
With the merits of minimality and controllability, various types of bottom-up artificial cells have been constructed by assembling non-living components. They share some of the fundamental characteristics of natural cells and have diversified purposes ranging from a gene expression device to a bioreactor for the cell origination studies. However, the development of this field is still in its infancy. For further studies, more complex characteristics of natural cells should be engineered into these man-made cells. For example, totally self-reproducible and replicable artificial cells have not been created yet. To achieve these, the elements needed for cell replication should be able to either self-produce within the cells or be actively taken up from the environment; a driving force is also needed to regulate the replication process. Establishing intelligent communication with the outer world and with each other is also an important issue requiring an increase in the complexity of cell membranes to make them smarter. Construction of artificial cells that can perform complex cell functions 'on demand' is the goal. In the future, due to the flurry of studies in this field, many new benefits in biotechnology are expected.
Non-typical artificial cells (cell mimics)
As mentioned above, the non-typical artificial cells are engineered materials that simulate one or more features of biological cells and, most importantly, no restrictions on structures. They are more precisely called 'cell mimics' that imitate some surface characteristics, shapes, functions, or even morphology of biological cells [7] .
Surface mimics
A variety of receptors, antigens, and ligands present on the surface membrane of cells perform diverse functions such as cell-cell communication. Mimicking surface characteristics, in a sense, provides an efficient way to emulate some or all of the functions of template cells. Two main methods for cell surface mimicking have been described: one is to incorporate some of the functional membrane groups into the designed particles, and the other is to coat the particles with intact cell membranes directly with or without further modifications.
Virosomes are membranous vesicles that carry viral fusion proteins in their membranes. The first reported virosome was prepared by Almeida et al. [119] by isolating the influenza virus subunits and incorporating them into lipid membranes. The resulting particles were defined as 'virosomes'. Although whole influenza virus can be used as the immunogen, it is unsafe even after inactivation and may be pyrogenic. The highly purified influenza virus subunits, which are safer than the whole inactivated virus, are not very effective [120] . The virosomesbased artificial vaccines are efficient in inducing an immune response and do not produce any pyrogen. These artificial vaccines, therefore, represent a promising method to improve adjuvanticity. Following this work, various types of virosome-like particles containing different viral spike proteins have been generated, and the functions have been expanded broadly, such as antigen delivery, induction of cellular immune responses, DNA delivery, and gene transfer [121] [122] [123] . Although virosomes have shown promising results in various fields, safety remains a primary concern requiring further investigation before they may be used in the clinic.
Mammalian platelets are fragments of cytoplasm derived from megakaryocytes [124] . They play important roles in hemostasis [125] and immune response [126] . Their distinctive features are attributed to specific receptors expressed on the surface membrane [127] . Among these receptors, the glycoprotein (GP) Ibα, which binds to the A1 domain of multimeric von Willebrand factor (VWF-A1), makes platelets gather at the site of damaged vascular surfaces. Doshi et al. [128] modified poly(lactic-co-glycolic acid) (PLGA) nanoparticles with GPIbα/VWF-A1 to mimic natural platelets. Results showed that these nanoparticles are able to target and aggregate on the damaged vasculature.
Red blood cells (RBCs) have many attractive, beneficial features such as prolonged circulation (~120 days) and the ability to evade immune clearance. This may be due to their outstanding shapes, mechanical flexibility, as well as surface characters. The protein CD47, which is expressed on the surface of the RBC membrane, is considered an immunosuppressive protein that plays important roles in immune escape [129] . Studies showed that RBCs with CD47-knockout were taken up by macrophages very rapidly in normal mice [129] . Taking advantage of this, Tsai et al. [130] attached a recombinant domain of CD47 to IgG-opsonized poly-styrene particles. In vitro phagocytosis assays showed that CD47 can protect polystyrene particles from phagocytic clearance in a dosedependent manner.
Zhang's group [131] [132] [133] [134] [135] developed a top-down method to mimic biological cells by covering nanoparticles with cell membranes (Fig. 10) . Although great progress has been made in cell surface mimics by decorating particles with cell surface groups, the chemical incorporation often causes protein denaturation. Also, these bottom-up chemical conjugation techniques are always plagued by complicated synthetic processes and the inefficacy to duplicate all of the complex properties of biological cells. The top-down method bypasses the cumbersome synthetic processes, providing a simple and efficient way to maximally retain the functional protein activities as well as replicate cell properties. Based on this principle, Zhang's group developed a variety of cell-mimic particles such as (a) erythrocyte membrane-camouflaged nanoparticles for long-circulating drug delivery [131] (Fig. 10) , (b) nanosponges to remove toxins in vivo [132] , (c) cancer cell membrane-coated nanoparticles for promoting anticancer immune response and cancer-targeted drug delivery [133] , (d) bacterial membrane-coated nanoparticles for developing antibacterial vaccine [134] , and (e) platelet membrane-cloaking nanoparticles for improving drug localization to diseased vasculatures and against platelet-adhering pathogens [135] . Reports from other investigators also described novel approaches such as stem cell nanoghosts for targeted delivery of drugs to cancer cells [136] and leukocyte-like vectors for enhanced circulation time and improved accumulation in the tumor [137] .
Shape mimics
In addition to surface characteristics, shape and mechanical properties are also crucial for cellular functions [138] [139] [140] . Particles with unique physical properties that are similar to cells have been fabricated and shown to be capable of replicating some of the functions of cells [141] .
Because of the biconcave discoidal shape, RBCs have high flexibility and can squeeze through narrow capillaries with diameters smaller than the size of the cells allowing them to circulate efficiently in vivo [140] . Doshi et al. [142] synthesized polymer particles with RBC-like shape, size, and mechanical flexibility (Fig. 11a) . The spherical polymeric particles used hollow polystyrene spheres or PLGA as a template. Upon solvent-or heatinduced fluidization, these particles can collapse into an RBC-like shape. To obtain flexible and biocompatible membranes, alternate layers of protein/polymer were assembled on the particle surface. After etching the particle cores, the RBC-shaped soft materials can be obtained. Similar to RBCs, these particles can pass through narrow glass capillaries with diameters smaller than that of the particles. By incorporating diagnostic and/or therapeutic agents inside, these RBC-mimics have the potential for disease diagnosis and therapy.
Haghgooie et al. [143] reported the synthesis of soft PEG colloids with sizes and shapes similar to RBCs (Fig. 11b) . The resulting particles have RBC-like deformability and are capable of passing through thin capillary channels. Merkel et al. [144] fabricated RBC mimetic hydrogel particles by using the particle replication through a nonwetting template (PRINT) technique (Fig. 11c) . They observed that these soft particles could bypass several organs, resulting in prolonged circulation time well over those of conventional microparticles, underscoring their value for drug delivery and medical imaging.
In nature, viruses occur in an extensive variety of shapes including sphere, ellipsoid, rod, filament, bullet, brick and tadpole. These features play significant roles in physiological properties of viruses [145] [146] [147] . Studies showed that compared with spheroids, which are cleared immediately or readily taken up into cells, the filamentous micelles have longer circulation time [148] . Geng et al. [149] synthesized filamentous virus-mimic micelles (filomicelles) by self-assembly of amphiphilic block copolymers. These long, flexible polymer filomicelles had remarkably long blood circulation time of about one week, which is substantially longer than that of most reported spherical particles. These polymeric filomicelles could also be loaded with anticancer drug molecules and delayed tumor growth in a micelle length-dependent manner.
Morphology mimics
For many mammalian cells and organisms, their unique morphologies are critical for their functions. For example, the ultrafine morphology enables immunocytes to capture the cellular debris, abnormal cells, and foreign substances efficiently. In the past few decades, a wide range of materials with complex structures that are similar to natural organisms have been reported. However, most of them are mere shape simulation, omitting the morphology. Recently, there are several reports about constructing materials that replicate ultrafine morphological features of biological cells [150, 151] .
Kaehr et al. [150] developed a biomineralization method that could capture the morphology of mammalian cells precisely (Fig. 12a ). The method was described as deposition of silica onto the fixed cells. Following mineralization and calcination, silica replicas that retained both the external and internal features of template cells were obtained. Using this method, Huang et al. [151] replicated the unique surface topography of macrophages by silica and magnetic nanoparticles (Fig. 12b) . Cancer cells-targeting antibody was conjugated to the particles with a redox-responsive linker between them. The resulting particles exhibited improved efficiency in capturing target cancer cells from whole blood as compared with commercial magnetic beads. Also, the captured cells could be released on-demand in a redox-responsive manner.
Function mimics
Besides the composition and morphology mimicking, smart systems can also be constructed to mimic cell functions directly.
It is known that when a virus infects a host cell, after replicating itself and destroying the cell, it escapes from the dead cell to infect other cells. Lee et al. [152] developed a nanosized polymer vehicle that resembles the infective functions of viruses, without compromising the tumor targeting property. This virus-mimetic nanogel (VM-nanogel) consists of a pH sensitive hydrophobic polymer core, an inner polymer shell, and an outer protein shell (Fig.  13) . The polymer core is rigid at high pH, but swells at lower pH. Thus, when they are taken up by cells, the pH reduction from a physiological (pH 7.4) to endosomal (pH 6.4) level induces reversible swelling of the nanogel, with a 6-fold increase in diameter. This sharp volume change in response to pH can physically disrupt endosomal membranes, allowing the nanogels to transfer from the endosomes to the cytosol, where they can rapidly shrink back to their original size. The disruption of endosome would cause cell damage and once the cells are killed and disintegrated, the nanogels could move to the neighboring cells and repeat the same cycle analogous to the infection cycle of viruses. To enhance the antitumor ability of VM, tumor-targeting ligands were conjugated to the outer protein shell and the antitumor drugs were loaded inside the polymer core. The infection ability of VM endows upon these particles a great potential for treating tumors and other diseases.
Cell mimic particles, incorporating some beneficial traits of nature cells, have demonstrated promising advantages over traditional particles, especially in the field of biomedicine. However, the development of cell mimic particles is still in its infancy and not ready for their utility in the clinic. For biomedicine-related cell mimic particles, the physiological toxicity, pharmacokinetics, immunogenicity, and efficacy have not been well established. Also, in view of the complexity of the in vivo biological environment, the performance of these particles needs to be improved further. Nevertheless, these cell mimic particles represent an advanced bioengineering approach, which incorporates the characteristics of natural cells into non-living materials with very promising and broad biological applications potential.
Conclusion and outlook
There have been extensive efforts to construct artificial cells, which have biological cell-like structures and exhibit some of the key characteristics of living biological cells. Artificial cells can be built by a top-down approach, in which the non-essential genes are knocked out from organisms or totally replaced by synthetic ones, or by a bottom-up method, which starts from scratch by assembly of the nonliving materials. The non-typical artificial cells, which are also called 'cell mimics', are materials that mimic some properties of biological cells such as surface characteristics, shapes, morphology, or some functions. Despite the impressive progress to date, there is still a wide gap between artificial cells and biological cells. Many issues remain to be solved including: (i) How to make artificial cells communicate efficiently with the environment and with each other? (ii) How to construct artificial cell networks? i.e., how to make artificial cells with different functions work together? (iii) How to improve the replication, division and evolving abilities of artificial cells? And finally, (iv) how to make artificial cells uptake nutrients and move as living organisms? Answering these questions will challenge our technologies as well as our basic understanding of biological cells. Although constructing 'totally living' artificial cells is still farfetched, the progress toward this ultimate goal will likely present many benefits and new applications. Generally speaking, the potential benefits that artificial cells may bring include: (i) providing plausible theory for the origin of life, (ii) providing a less-interfering way to investigate and understand the cellular life, (iii) connecting the non-living to the living world, (iv) replacing engineered organisms to produce pharmaceuticals and fuels, (v) biomedical applications such as replacement or supplement of deficient cells, drug delivery or medical imaging, and (vi) adding new functions that are absent in biological cells. Undoubtedly, further development of artificial cells will bring attractive opportunities to many fields such as biotechnology, medicine, and industry. Various biologically active materials can be encapsulated in semipermeable polymer-based artificial cells, individually or in combination [90] . The semipermeable membrane can protect these materials from being degraded or affected by external environment and prevent them from leaking out to contaminate the body fluids. The membrane has a selective permeability to small substrate molecules and can also release products to the environment. Copyright © 2005, Nature Publishing Group. (a) Optical micrographs and (b) TEM image of polylysine-ATP droplets. (c) Scheme summarizing the properties of peptide/mononucleotide microdroplets relevant to their use as membrane-free protocell models (ε = dielectric constant). The microdroplets selectively sequester porphyrins, inorganic nanoparticles, and enzymes to generate supramolecular stacked arrays of light-harvesting molecules, nanoparticle-mediated oxidase activity, and enhanced rates of glucose phosphorylation, respectively [118] . Copyright © 2011, Nature Publishing Group. 
